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Abstract 13 
Increases in wastewater discharges and the generation of municipal solid wastes have 14 
resulted in deleterious effects on the environment, causing eutrophication and pollution of 15 
water bodies. It is therefore necessary to investigate sustainable bioremediation alternatives. 16 
Wastewater treatment using consortia of microalgae-bacteria is an attractive alternative 17 
because it allows the removal and recycling of nutrients, with the additional advantage of 18 
biomass production and its subsequent conversion into valuable by-products. The present 19 
study aims to integrate wastewater and landfill leachate treatment with the production of 20 
microalgal biomass, considering not only its valorization in terms of lipid and carbohydrate 21 
content but also the effect of nutrient limitation on biomass formation. The effect of treating 22 
a mixture of raw wastewater with different leachate ratios (0%, 7%, 10% and 15%) was 23 
investigated using a microalgae-bacteria consortium. Two microalgae (Desmodesmus spp. 24 
and Scenedesmus obliquus) were used. Nutrient removal, biomass concentration, 25 
carbohydrate, lipid and Fatty Acid Methyl Ester (FAMEs) content and morphological 26 
changes were evaluated. Removals of 82% of NH4
+ and 43% of orthophosphate from a 27 
wastewater-leachate mixture (containing 167 mg/L NH4
+ and 23 mg/L PO4
3-) were achieved. 28 
The highest final yield was obtained using Desmodesmus spp. (1.95±0.3 g/L). The 29 
microalgae were observed to accumulate high lipid (20%) and carbohydrate (41%) contents 30 
under nutrient limiting conditions. The concentration of Polyunsaturated Fatty Acids 31 
(PUFAs) also increased. Morphological changes including the disintegration of coenobia 32 
were observed. By using a mixture of wastewater-leachate it is possible to remove nutrients, 33 
since microalgae tolerate high ammonia concentrations, and simultaneously increase the 34 
algal biomass concentration containing precursors to allow biofuel production. 35 
Abbreviations 36 
FAME: Fatty Acid Methyl Ester; WWTP, wastewater treatment plant; TSS, total suspended 37 
solids; COD, Chemical Oxygen Demand; FLWTP, facultative lagoon wastewater treatment 38 
plant; TN, total nitrogen; PUFA, polyunsaturated fatty acid. 39 
Keywords: microalgae, wastewater, landfill leachate, carbohydrates, lipids. 40 
 41 
1. Introduction 42 
The generation of municipal solid wastes and wastewater discharges has increased due to 43 
urban growth, industrial development, technological changes and changes in consumption 44 
patterns. 57% and 32%, respectively, of the total municipal and industrial wastewater 45 
generated in Mexico is treated (CONAGUA 2016). In 2015 around 51 million of tons of 46 
municipal solid waste was generated, an increase of 61.2% with regard to 2003. Globally, 47 
landfill is one of the most used methods for the final disposal of municipal solid waste, and 48 
in Mexico this method is most commonly used. Leachate production is one of the 49 
consequences of landfill use. It is a liquid derived from the decomposition of stored waste 50 
and rainwater percolation (SEMARNAT 2015).  51 
The high levels of nutrients and other compounds in leachate and wastewater, such as heavy 52 
metals and xenobiotic organic compounds like aromatic hydrocarbons, phenols and 53 
pesticides (Ghosh et al., 2017; Naveen et al., 2017), represent a risk to human health and the 54 
environment. Additionally, wastewater discharges without appropriate treatment may result 55 
in eutrophication of water bodies causing algal blooms, oxygen depletion, the loss of species 56 
and an increase in turbidity and toxicity in water (Cai et al., 2013; Gonçalves et al., 2017). 57 
For these reasons, feasible treatment alternatives that guarantee the reduction of toxic 58 
characteristics using carbon neutral technologies are needed. Several authors have argued 59 
that bioremediation through nutrient and metals removal is possible through the cultivation 60 
of microalgae for different types of wastewater such as domestic, industrial (Alcantara et al., 61 
2015), agricultural (Luo et al., 2016; Li et al., 2018; Zhou et al., 2018) and even acid mine 62 
drainage (Bwapwa et al., 2017). The microalgae cultured in wastewater-combined leachate 63 
provide a feasible option for bioremediation due to their ability to remove nutrients, mainly 64 
ammoniacal nitrogen, and other pollutants such as phosphorus, metals and organic 65 
compounds (Zhao et al., 2014; Kumari et al., 2016; Pereira et al., 2016).  66 
In addition, the presence of other microorganisms in wastewater, such as bacteria, also plays 67 
an important role in promoting nutrient removal and microalgal growth. As a result, 68 
microalgae-bacteria consortia are formed (Gonçalves et al., 2017). 69 
In different types of wastewater, nutrient content varies (Chokshi et al., 2016). However, in 70 
leachate nutrients are present at higher concentrations, mainly in the form of ammoniacal 71 
nitrogen (1000-5000 mg/L) and this could cause the inhibition of microalgal growth. To 72 
reduce the toxicity of leachate some authors have made dilutions. However, the use of 73 
wastewater to achieve this offers treatment for both wastes simultaneously. During this 74 
biological treatment process microalgal biomass is generated that could have value through 75 
its conversion into biofuel (Bibi et al., 2017; Faried et al., 2017). 76 
Several publications have focused on leachate treatment using microalgae (Martins et al., 77 
2013; Cheah et al., 2016; Kumari et al., 2016; Paskuliakova et al., 2016; Pereira et al., 2016). 78 
These works explored nutrient removal and toxicological assessment, but did not use a 79 
mixture of wastewater-leachate and simultaneously valorize the microalgae biomass for 80 
biofuel production. Only three publications have reported on nutrient removal, biomass 81 
concentration, and lipid content in microalgae cultivated using wastewater- leachate (Zhao 82 
et al., 2014) or for leachate alone with deionized water (Sforza et al., 2015; Paskuliakova et 83 
al., 2018). Additionally, growing microalgae in wastewater reduces biofuel production costs. 84 
Different cultivation conditions and strategies have been implemented to increase the content 85 
of carbohydrates and lipids (Pan et al., 2011; Ho et al., 2012; Kaewkannetra et al., 2012; 86 
Samori et al., 2013; Pancha et al., 2014; Xia et al., 2014; Singh et al., 2016). Of these 87 
strategies, nutrient limitation has been found to be the condition promoting the greatest 88 
accumulation of such biomolecules in microalgae (Hu et al. 2008; Pancha et al. 2014). 89 
Subsequently, the present study aimed to integrate wastewater and leachate treatment with 90 
the production of microalgal biomass, and promote an increased accumulation of lipids and 91 
carbohydrates for the potential production of biofuels. For the first time, the treatment of a 92 
leachate/wastewater mixture using microalgae, and the effect of nutrient limitation on 93 
carbohydrates and lipids accumulation was assessed. During the process, the morphological 94 
and chemical changes of microalgae were integrally evaluated. This included the initial and 95 
final evaluation of the FAMEs profile of microalgae, characteristics closely related to 96 
biodiesel production. 97 
 98 
2. Materials and Methods 99 
2.1 Landfill leachate and municipal wastewater 100 
Landfill leachate was sampled from the Bordo Poniente landfill and municipal 101 
wastewater was collected from the “Cerro del Agua” Wastewater Treatment Plant 102 
(WWTP). Both sites are located in Mexico City. Samples volumes of 20 L were collected 103 
separately for both wastewater and leachate. Then they were filtered to remove solids and 104 
stored at 4 ° C. The physicochemical properties of the wastewater and leachate were 105 
evaluated. Alkalinity, total suspended solids (TSS) and ammonia concentrations were 106 
measured according to the APHA standard methods (APHA-AWA-WEF, 2005). 107 
Orthophosphate, chemical oxygen demand (COD), and nitrate concentrations were 108 
determined by colorimetric methods using a HACH 3900 spectrophotometer. Total 109 
nitrogen was measured by a TOC-LCPH/CPN analyzer (TOC-LCPH/CPN Shimadzu). All 110 
analyses were carried out in triplicate. 111 
2.2 Microalgae 112 
The microalgae used in this study were Scenedesmus obliquus (Turpin) Kützing, 113 
provided by Instituto Politecnico Nacional, Mexico City, Mexico, and Desmodesmus spp. 114 
from ‘‘Lago Nabor Carrillo’’ (an artificial lake) located in Texcoco, Mexico. This lake is 115 
fed with effluent from the facultative lagoon wastewater treatment plant (FLWTP) also 116 
located in Texcoco, Mexico. Desmodesmus spp. were characterized considering their 117 
morphology via light microscopy observations and with the aid of identification manuals 118 
(Hegewald et al., 1990). Species Desmodesmus intermedius (Chodat) Hegewald, 119 
Desmodesmus magnus (Meyen) Tsarenko, Desmodesmus communis (Hegewald) Hegewald 120 
y Desmodesmus opoliensis (Richter) Hegewald were identified. 121 
Previous laboratory work has demonstrated that the aforementioned strains showed 122 
better growth and adaptability to wastewater. 123 
2.3 Microalgae cultivation using wastewater-leachate 124 
A mixture of municipal wastewater and leachate with different ratios: 0, 7, 10 and 125 
15 %, was used for microalgal growth. Cultures with 0% leachate ratio were cultivated in 126 
wastewater alone. Microalgae inoculum, used for all the experiments, was previously 127 
acclimatized to wastewater for 6 months. Each experiment was carried out in triplicate 128 
using non-aerated bottles with a working volume of 4 L. The experiments were conducted 129 
in series and in 3 lab experimental sets. Each experimental set corresponded to different 130 
leachate ratios (7, 10 and 15%) for both microalgae.  For every experimental set, cultures 131 
with a 0% leachate ratio were evaluated. This gave a total of 18 experiments for each 132 
microalga. Controls, without addition of microalgae, were also conducted to monitor if 133 
nutrient removal could be due to microalgae assimilation or other microorganisms such as 134 
bacteria and fungi.  The density of the inoculum was similar among all the experiments and 135 
was measured as TSS (318.4±24.7 mg/L). The initial conditions are shown in table 2. 136 
All cultures were maintained with manual shaking, and illumination with a light intensity 137 
of 53 µmol m-2 s-1 and light cycles of 12:12.  138 
Biomass concentration (measured as TSS) was used to monitor the growth of 139 
microalgae. For nutrient removal, the liquid samples from the cultures were filtered using a  140 
glass microfiber filter with 1.6 µm pore size (Whatman, GF/A) to carry out the 141 
physicochemical analysis.  All measurements were performed in duplicate, both at the 142 
beginning and at the end of each experiment. The growth and the nutrient removal of 143 
Desmodesmus spp. and S. obliquus were evaluated over 28 days. Morphological changes of 144 
microalgae cells were observed by optical microscopy at 40x magnification (Axio Lab. Al, 145 
Carl Zeiss). 146 
2.4 Microalgae cultivation: nutrient limitation 147 
From the results obtained from different leachate ratios (0, 7, 10 and 15%), the 148 
highest concentration of microalgal biomass (7%) was selected for further evaluation. 149 
Microalgae were cultivated for an additional 68 days in order to observe the effect of 150 
nutrient limitation on lipid and carbohydrate accumulation. First, the biomass of the 151 
cultures was concentrated by letting them settle for 5 days. Subsequently, the supernatant (3 152 
L) was removed and only the biomass was kept in the bottles. For cultures that were 153 
cultivated in a 0% leachate ratio, wastewater (3 L) was added as the culture medium. For 154 
the cultures that were cultivated in the selected leachate ratio, the same amount of 155 
wastewater (3 L) was added but diluted with distilled water (50:50 ratio) in order to subject 156 
them to nutrient limitation. Observations by optical microscopy, at the beginning and at the 157 
end of the experiment were also made. 158 
Carbohydrates and lipids were quantified in duplicate for each experiment and twice 159 
per week during nutrient limitation trials. The total carbohydrate quantification was carried 160 
out by the phenol-sulfuric acid colorimetric method (Dubois et al., 1956). The lipids were 161 
quantified by the colorimetric method of sulfophosphovanillin (Mishra et al., 2014). 162 
2.5 FAMEs profiling 163 
At the beginning and end of nutrient limitation, a 200 mL sample of culture was taken 164 
from each bottle. This was then centrifuged at 3000 rpm for 15 min and the biomass was 165 
recovered and dried at room temperature. The dried biomass was preserved to carry out 166 
lipid extraction in accordance with the Bligh and Dyer method (Bligh and Dyer, 1959),  167 
modified according to Garcés and Mancha, 1993. FAMEs were obtained by 168 
transesterification (Montes D'oca et al., 2011; Wahlen et al., 2011). Chromatographic 169 
analysis was performed on a gas chromatograph (Agilent Technologies 6809) coupled to a 170 
mass spectrophotometer (Agilent Technologies 5973). To obtain the FAMEs profile a DB-171 
5ms separation column of fused silica with a length of 30 meters, an internal diameter of 172 
0.25 mm and a film thickness of 0.25 μm was used. The carrier gas in the analysis was 173 
helium with 99.9995% purity. A glass insert with 4.0 mm internal diameter single taper 174 
(Agilent G1544-80730) was used for desorption of analytes. The injector temperature was 175 
250 °C, with a split-type injection; the mass spectrophotometer was programmed at a 176 
temperature of 280 °C. The furnace temperature was programmed as follows: initial 177 
temperature 85 °C (5 min) with a ramp of 7 °C / min, until reaching 265 °C (10 min). For 178 
FAMEs identification the spectrophotometer operated in SCAN mode at 50-550m / z. 179 
Identification was corroborated by comparing retention time with a known standard 180 
FAMEs Mix, C8-C24 (Sigma-Aldrich, 18918-1AMP, USA). 181 
2.6 Statistical analysis 182 
 The data reported in this work were analyzed using analysis of variance (ANOVA) 183 
and Tukey tests for the mean differences using Microsoft Office Excel 2013. A significant 184 
difference was considered at the level of α = 0.05. 185 
3. Results and Discussion 186 
3.1 Landfill leachate and municipal wastewater characterisation 187 
Wastewater and leachate had similar pH values. However, other physicochemical parameters 188 
were higher in the leachate with respect to the wastewater (Table 1). Nitrogen concentration 189 
(ammoniacal and total) in leachate was 14 times higher than in wastewater. It is important to 190 
take into account the N: P ratio for optimal growth of microalgae. According to Redfield et 191 
al., (1963), the composition of microalgae is C106H263O110N16P, with an optimal N: P ratio of 192 
16. This relationship changes according to the type of species (Rhee, 1978). For the species 193 
used in this work, several authors report different N:P ratios.  According to the literature a 194 
range between 5 and 30 has been established (Rhee, 1978; Xin et al., 2010; Arbib et al., 2013; 195 
Samori et al., 2013; Beuckels et al., 2015). It can be seen in Table 1 that the wastewater had 196 
a N:P ratio below the established values, causing nitrogen limitation during microalgal 197 
growth. However, leachate showed an optimal N:P (29.4) ratio. In addition, in accordance 198 
with published work, the amounts of metals in the mixture wastewater-leachate, were not 199 
high enough to influence microalgal growth in a negative way (Mustafa et al., 2012; Pereira 200 
et al., 2016; Zeraatkar et al., 2016; Li et al., 2018). Therefore, a mixture of wastewater-201 
leachate would be a good option as a source of nutrients for microalgae growth. 202 
Table 1. Characteristics of the wastewater and landfill leachate used as the growth media. 203 
 204 
 205 
 206 
 207 
Parameter Wastewater Landfill leachate Mixture Wastewater-
leachate 7% 
pH 8.3 ± 0.5 8.5 ± 0.4 8.4 ± 0.2 
Total suspended solids (TSS) 
(mg/L) 
70 ± 6.7 290 ± 21.3 90 ± 21.3 
Total Alkalinity as CaCO3 (mg/L) 460 ± 0.5 13,200 ± 23.4 705 ± 3.4 
Orthophosphate (mg/L) 27.98 ± 1.8 53.28 ± 4.5 20 ± 1.5 
Chemical oxygen demand (COD) 
(mg/L) 
457.5 ± 15.2 2,061 ± 22.4 465 ± 2.4 
Ammonium (mg/L) 102.06 ± 3.2 1,471.4 ± 30.8 150 ± 1.2 
Total nitrogen (TN) (mg/L) 112.51 ± 2.4 1,566.8 ± 41.2 160 ± 41.2 
Nitrate (mg/L) 12.6 ± 2.5 102.8 ± 5.2 8 ± 0.2 
N:P ratio  4.02 29.4 8 
As (µg/L) 5 70 6 
Cd (µg/L) 2 13 2 
Cr (µg/L) 17 163 20 
Hg (µg/L) 0.35 8 0.8 
Zn (µg/L) 56 1,800 50 
Cu (µg/L) 17 190 18 
3.2 Microalgal cultivation using wastewater-leachate 208 
Table 2 shows the initial conditions of the different leachate ratios. 209 
 210 
Table 2. Initial conditions studied using different leachate ratios, during microalgae 211 
cultivation and nutrient limitation. 212 
Microalgae cultivation 
 
Leachate 
ratio 
 
Mixture 
composition (%, 
v/v) I / W / L 
Desmodesmus spp. S. obliquus 
NH4+  
(mg/L) 
Orthophosphate 
(mg/L) 
N: P 
ratio 
NH4+  
(mg/L) 
Orthophosphate 
(mg/L) 
N: P 
ratio 
0 % 50/50/0 48.3±1.9 16.3±0.9 3.4 44.1±1.5 16.2±0.79 4.4 
 
7 %  
 
 
50/43/7 
 
167.8±0.6 
 
20.2±0.1 
 
8.4 
 
145.2±1.9 
 
21.1±0.2 
 
7.9 
 
10 %  
 
 
50/40/10 
 
217.2±2.8 
 
22.9±0.6 
 
10.09 
 
225.3±1.6 
 
23.9±0.3 
 
9.9 
 
15 %  
 
 
50/35/15 
 
274.9±2.5 
 
18.8±0.7 
 
15.01 
 
279.92±1.5 
 
19.9±0.7 
 
14.8 
Nutrient limitation 
Cultures 
selected from 
first stage 
Culture 
medium added 
Desmodesmus spp. S. obliquus 
NH4+  
(mg/L) 
Orthophosphate (mg/L) NH4+  
(mg/L) 
Orthophosphate 
(mg/L) 
 
0 % 
 
3 L of 
wastewater 
 
60.9±1.4 
 
19.2±0.4 
 
62.7±1.1 
 
21.8±0.7 
 7 %  
 
1.5 L of 
wastewater 1.5 
of distilled 
water 
 
30.1±1.2 
 
10.7±0.9 
 
30.6±0.5 
 
9.6±0.8 
I: Inoculum of microalgae; W: Wastewater; L: Landfill leachate 213 
 214 
Microalgae cultivated in wastewater alone (0% leachate ratio) had a low N:P ratio 215 
(Table 2) according to the range established in the literature (from 5 to 30), therefore 216 
growth was limited because nitrogen limitation occurred (Figure 1a). It was observed that 217 
by increasing the leachate ratio, the N: P ratio improved due to an increase in nitrogen 218 
concentration. This shows that leachate can be used to enhance the N: P ratio for microalgal 219 
growth. (Table 2). However, the 7% leachate ratio produced the highest biomass yield of 220 
Desmodesmus spp. (1.3±0.10 g/L) and S. obliquus (1.2±0.07 g/L), respectively (Figure 1a). 221 
The 7 % leachate ratio favored microalgal growth, at least doubling biomass yield 222 
compared to other conditions. 223 
The use of 10% and 15% leachate ratios was seen to limit growth, due to high 224 
ammonia concentrations, ≥ 200 mg/L (Figure 1a). These enhancing and inhibitory effects 225 
on microalgal growth have been reported by other authors. Cheung et al., (1992) worked 226 
with Scenedesmus and reported that concentrations higher than 143 mg/L of ammonia 227 
inhibited growth. Lin et al., (2007) reported that at a concentration of 135 mg/L of 228 
ammonia, growth was enhanced, whereas, at higher concentrations it was inhibited. On the 229 
other hand, Zhao et al., (2014) obtained increased growth with 183 mg/L of ammoniacal 230 
nitrogen but higher concentrations presented an inhibitory effect. The reported limits were 231 
close to those used in cultivations with a 7% leachate ratio (145-167 mg/L). Regarding 232 
cultures with no microalgae addition (controls) there was no growth observed, as shown in 233 
Figure 1a. 234 
Figure 1. a) Growth of Desmodesmus spp. and S. obliquus with different leachate ratios. b) 235 
Orthophosphate removal in Desmodesmus spp. and S. obliquus cultures with 0% and 7% 236 
leachate ratio. c) NH4
+ removal in Desmodesmus spp. and S. obliquus cultures with 0% and 237 
7% leachate ratio. d) Nitrate removal in Desmodesmus spp. and S. obliquus cultures with 238 
0% and 7% leachate ratio. e) Growth of Desmodesmus spp. during nutrient limitation. 239 
By increasing the leachate ratio, an inhibitory effect on algal growth was observed, 240 
likely a consequence of high ammonia concentrations inhibiting microalgal photosynthetic 241 
activity. Additionally, the color of the leachate (dark brown) could have affected algal 242 
growth at high volume ratios (10 % and 15 %) due to reduced light penetration. The light 243 
intensity used in this work (53 µmol m-2 s-1) may not have been sufficient for increased 244 
algal growth. Salinity is another factor that probably resulted in an inhibitory effect 245 
(Cheung et al., 1992; Zhao et al., 2014). 246 
With regard to nutrient removal, the mechanisms involved in this process may be 247 
different, for example, NH4
+ removal can be achieved either by microalgal uptake, 248 
volatilization due to an increase of pH (Figure S2, supplementary material), or by oxidation 249 
to nitrate by nitrifying bacteria (Liu et al., 2017). It is important to mention that cultures 250 
without microalgae were tested to determine if nutrient removal was due to microalgae or 251 
could be due in part to other microorganisms present in the culture medium used in this 252 
work (non-sterile municipal wastewater and landfill leachate).  253 
According to the results obtained in this work, shown in table 3 and figure 1b-d (see 254 
also Table S1 supplementary material), the bioremediation of wastewater-leachate through 255 
nutrient removal for Desmodesmus spp. and S. obliquus grown in wastewater with 0% 256 
leachate were between 57 - 60% for phosphorus, and 95 - 96% for NH4
+ corresponding 9.3 257 
– 9.9 mg/L and 42 – 45.8 mg/L of phosphorus and NH4+ removal respectively. However, 258 
taking into consideration the volatility of NH3, the biomass concentration and nitrogen 259 
content, the actual removal due to biofixation was between 69 -70%. The apparent NH4
+ 260 
removal efficiency obtained in this work, is comparable to 97% removal reported by 261 
Martínez et al., 2000 using S. obliquus and wastewater containing 27.4mg/L of NH4
+ and 262 
11.8mg/L of phosphate. 263 
 The phosphate and NH4
+ concentrations increased in the mixture of wastewater and 264 
7% leachate ratio, and consequently led to reductions in nutrient removal if percentages are 265 
compared. However, considering NH4
+ and phosphate removal as mg/L, the NH4
+ removal 266 
was higher in 7% leachate ratio even comparing with microalgae cultures grown only in 267 
wastewater and phosphate removal was similar (Table 3). For instance, phosphorus 268 
removal efficiencies were 41 - 43%, and 81 -78% for NH4
+. The actual nitrogen removals 269 
due to biofixation were 52% and 48%, for Desmodesmus spp. and S. obliquus, respectively.  270 
Zhao et al., 2014 reported similar removal percentages of NH4
+ (52%) due to microalgae 271 
biofixation while the apparent removal was 95% using 10% leachate ratio containing 183.2 272 
mg/L of NH4
+. For cultures with no microalgae (controls), as NH4
+ decreased, nitrates 273 
increased, probably as a result of the existence of nitrifying bacteria in wastewater 274 
(Khanzada and Övez 2017; Ye et al., 2018) (Figure 1c-d). This nitrifying process was also 275 
observed in cultures with microalgae but the amount of NH4
+ that was oxidized to nitrates 276 
was lower. Therefore, the nitrogen removal efficiency at 0% and 7% leachate was a result 277 
principally of  three factors: 1) microalgae uptake, since NH4
+ can exist at pH values less 278 
than 9.3, as shown in Figure S2 (supplementary material), and pH of the wastewater and 279 
landfill leachate was 8.3 and 8.5; 2) NH3 volatilization, as microalgae begin growing pH 280 
increased until 10 approximately and at pH values higher than 9.3, NH3 is the dominant 281 
form; and to a lesser extent 3) NH4
+ oxidation by nitrifying bacteria (Markou and 282 
Georgakakis 2011; Khanzada and Övez 2017). 283 
Phosphorus removals (43 – 60%) obtained from microalgae cultivation in 284 
wastewater containing 0% and 7% leachate were due to microalgal assimilation and 285 
phosphorus precipitation (because of pH) (Liu et al., 2017). These results are comparable to 286 
values of 55% reported for batch cultivations of Chlorella vulgaris and S. dimorphus in 287 
agro-industrial wastewater containing 111mg/L of phosphate (González et al., 1997). 288 
Greater nutrient removal was obtained by using a wastewater mixture with 7% 289 
leachate compared to 10% and 15% leachate ratios (Table 3). Similar results were obtained 290 
for both microalgae, with about 80% of NH4
+ and 40% of orthophosphates removed,  291 
respectively. The percentage NH4
+ removal was higher compared to orthophosphates. This 292 
is mainly attributable to the N:P ratio requirements of 16:1 (Redfield et al., 1963). 293 
According to Table 3 the NH4
+ removal was greater than for nitrates, therefore the 294 
microalgae studied in this work preferred NH4
+ as their nitrogen source. Carbonate 295 
removal, measured as CaCO3, was similarly observed so microalgae could have utilized 296 
these carbonates to fulfill the carbon requirements for their growth, as mentioned 297 
previously.  298 
Table 3.  Nutrient removal in percentage terms and in mg/L in Desmodesmus spp. and S. 299 
obliquus cultures over 28 days. 300 
 301 
Bioremediation, based on wastewater and leachate treatment using microalgae, has dual 302 
benefits: biological treatment of wastewater and leachate, as well as biomass production. 303 
Additionally, microalgae in culture can act synergistically with other biosorbent materials. 304 
In the present study, as well as in published literature, the evident advantages of microalgae 305 
as a biosorbent material of different contaminants in water are shown. Both nutrients and 306 
metals can be removed during microalgal culture through different mechanisms that occur 307 
at a cell surface level or during the metabolic processes of living organisms, (Alcantara et 308 
al., 2015). Other biological materials reported as biosorbents and involved in the removal of 309 
these contaminants are agricultural wastes, peat, algae, fungi, bacteria, yeasts, cellular 310 
products (Bulgariu et al., 2015), biochar (Magee et al., 2013; Wu et al., 2017), or duckweed 311 
(Zhou et al., 2018). 312 
Nutrients removal in percentage and mg/L 
Microalgae 
  % 
leachate 
ratio 
Ortho-
phosphate 
COD NH4+ 
Total 
Alkalinity as 
CaCO3 
TN Nitrates 
% mg/L % mg/L % mg/L % mg/L % mg/L % mg/L 
  
S. obliquus 
  
0 60±1 10±1 86±0.9 468±7 95±1 42±3 62±1 178±2 90±0.8 48±1 50±1 3±0.2 
7 43±1 9±0.9 64±1 295±5 79±0.3 114±3 43±1 300±3 74±0.9 115±2 37±0.3 3±0.1 
10 20±0.9 5±0.4 38±0.8 208±4 41±1 92±2 20±0.3 318±3 45±1 107±1 30±0.4 3±0.1 
15 5±0.5 1±0.02 26±1 223±5 22±0.5 63±2 4±0.1 87±1 25±1 74±1 13±0.4 2±0.1 
  
Desmodesmus 
spp. 
  
0 57±1 9±1 86±2 345±6 96±1 46±1 59±1 168±2 93±1.3 52±2 60±1 3±0.2 
7 41±0.9 8±1 67±1 315±3 82±1 137±2 44±0.3 315±3 77±1 138±3 37±0.3 2±0.1 
10 20±1 5±0.05 38±0 193±3 40±0.6 86±2 19±0.2 311±2 42±0.9 98±2 30±0.5 3±0.2 
15 6±0.6 1±0.04 24±1 200±4 20±0.2 54±1 7±0.1 141±3 20±1 58±2 14±0.2 2±0.1 
Control 0 9±0.5 3±0.02 33±1 150±3 90±0.4 95±3 2±0.02 10±1 2±0.01 2±0.1 -1795±6 93±1 
Bacteria, such as in the case of the present study, have been considered part of a consortium 313 
with microalgae. Bacteria play an important role in nutrient removal as a result of the 314 
microalgae-bacteria partnership (Gonçalves et al., 2017; Liu et al., 2017).  By using 315 
wastewater is not possible to have monocultures or axenic cultures, so the participation of 316 
bacteria in their bioremediation is evident. Among the advantages of these consortia that 317 
are mentioned in the literature, are the cooperation that occurs during their metabolic 318 
interaction in the culture medium, which increases the general absorption of nutrients. This 319 
interaction also confers greater resistance to changes under environmental conditions 320 
(Gonçalves et al., 2017). The key advantages of this interaction are the various nutrient 321 
removal pathways, allowing higher removal percentages (Liu et al., 2017). 322 
In the case of biochar, microalgae can also act synergistically. Biochar is a product that can 323 
also be used as an absorbent material, it is a material produced from microalgal biomass 324 
residues through a pyrolysis process, it is a porous substance rich in carbon, such that it 325 
could be used in bioremediation by the absorption of nutrients (Magee et al., 2013). It has 326 
even been presented as an effective material for the immobilization of heavy metals during 327 
the remediation of contaminated soils (Wu et al., 2017). This property that biochar has for 328 
the immobilization of particles, as reported by Magge et al., 2013, could be used to attract 329 
and immobilize algae to their surfaces. This would serve as an effective method to 330 
overcome the challenges of harvesting microalgae, which makes the production of biomass 331 
from microalgae grown in wastewater-leachate mixture an even more attractive 332 
proposition. 333 
3.3 Nutrient limitation  334 
During nutrient limitation, the biomass concentration increased in both cultures with 335 
wastewater only and those with diluted wastewater. A maximum biomass yield of 2 ±0.3 336 
g/L in Desmodesmus spp. cultures was obtained (Figure 1b). This is agreement with the 337 
increases in biomass reported by Breuer et al., (2012) during nutrient limitation. 338 
Desmodesmus spp. cultivations had the highest biomass yield in this work, reaching 339 
1.950 g/L. This compares with the findings of other authors such as Sacristan et al., 2013; 340 
Ji et al., 2014; Komolafe et al., 2014; Sforza et al., 2015 and Zhao et al., 2014. These 341 
authors reported yields of between 0.412 g/L and 1.58 g/L. On the other hand, Samori et al., 342 
2013 reported 2.3 g/L, obtaining higher biomass yield by enriching the medium with CO2 343 
and increasing light intensity (112 µmol m-2 s-1). With respect to biomass productivity, 344 
Samori et al., 2013, Sacristan et al., 2013 and Zhao et al., 2014 reported higher values 345 
(0.138, 0.073, 0.131 g/L.d) than the present work (0.039 g/L.d). This could be due to the 346 
culture conditions and the species they studied. These comparisons show that the culture 347 
medium influences both biomass yield and productivity, and that these characteristics 348 
should also be considered to establish appropriate conditions that enhance microalgal 349 
growth. 350 
3.3.1 Lipid and carbohydrate accumulation 351 
According to the results obtained, shown in table 3, the impact of leachate on lipid 352 
and carbohydrate production was observed, since there was greater removal of carbonates 353 
and nitrogen in wastewater-leachate cultures than in microalgae cultures grown only with 354 
wastewater. Since the carbonate-bicarbonate equilibrium depends on pH (figure S1, 355 
supplementary material), and HCO3- is preferred by microalgae (Goldman et al., 1981), 356 
there was an inorganic carbon assimilation via autotrophic growth since the pH during 357 
microalgae growth increased from 8 to about 10.  358 
Due to the fact that carbon is used by microalgae for biosynthesis of lipids and 359 
carbohydrates, its assimilation plays an important role for energy storage compounds 360 
(Chang et al., 2018) and this could be reflected in the accumulation of such biomolecules as 361 
shown in figure 2. Desmodesmus spp., significantly increased the quantity of carbohydrates 362 
and lipids from 25% to 41% and 15% to 20%, respectively. Therefore, there was a 64% and 363 
33% increase in carbohydrates and lipids.  364 
With regard to S. obliquus, the lipid content increased from 12% to 16% during 365 
nutrient limitation, an increase again of 33%; the carbohydrates did not show any increase, 366 
these were maintained at 30%. Figure 2 shows the results for Desmodesmus spp. since, 367 
according to these results, the improvement in the content of energy storage compounds in 368 
microalgae due to the strategy implemented in this study, was more evident in these 369 
microalgae cultures. 370 
Lipid content was similar to that reported by Zhao et al., (2014) (14.5% to 20.8%), 371 
when cultivating Chlorella without a nutrient limitation phase. This could be due to the 372 
differences between species and the cultivation conditions. Carbohydrates accumulated 373 
faster than lipids in both microalgae, as under nutrient limitation they initially favor the 374 
storage of polysaccharide molecules, and after prolonged stress conditions they start to 375 
degrade carbohydrates and accumulate lipids (Breuer et al., 2012; Ho et al., 2012; Chen et 376 
al., 2013). This enables them to survive under adverse conditions, since, by means of these 377 
highly energetic reserve compounds, the cells can obtain the necessary energy to carry out 378 
their metabolic processes and adjust their growth to new environmental conditions (Geider 379 
and La Roche, 2002; Markou et al., 2012). Desmodesmus spp. under nutrient limitation 380 
conditions reached its highest carbohydrate content on day 87 and this started to decrease 381 
on day 90, whilst lipids started to increase on day 94 (Figure 2). This behavior for both 382 
storage products has been previously reported by Breuer et al. (2012), Ho et al., (2012) and 383 
Chen et al., (2013), suggesting that both metabolic pathways for carbohydrate and lipid 384 
synthesis are related and possibly that the products resulting from carbohydrates catabolism 385 
could be precursors of lipid synthesis. 386 
 387 
Figure 2. Carbohydrate and lipid yield per gram of biomass and percentage of 388 
Desmodesmus spp. during nutrient limitation. W: wastewater only, DW: diluted 389 
wastewater.                                                   390 
The results suggest that the lipid and carbohydrate contents are considerably 391 
influenced by different factors, for instance nutrient conditions such as N and C 392 
concentrations in the medium, and growth period. Several authors have obtained similar 393 
results supporting this. For example, Luo et al. (2016) observed changes in lipid content 394 
and fatty acid profile at different ratios of anaerobically and aerobically treated swine 395 
wastewater. On the other hand, Nordin et al., (2017) used wastewater with high NO3 396 
content to cultivate microalgae and produced biomass with low lipid content and significant 397 
carbohydrate and protein content. Morales-Sánchez et al. (2013) worked with Neochloris 398 
oleoabundans at different C/N ratios and reported that in nitrogen sufficient conditions, a 399 
major content of proteins is obtained, and under nitrogen limiting conditions the 400 
accumulation of energy storage compounds is favored.  401 
Another important factor to consider enhancing carbohydrate and lipid content in 402 
microalgae is the duration time of the nutrient limitation phase. This is the most studied 403 
strategy (Sajjadi et al., 2018), however, such a condition could have negative effects on 404 
biomass generation. Since the main component of lipids and carbohydrates is carbon,  405 
providing a source of this element during microalgal growth, followed by nutrient 406 
limitation could increase such compounds. In this study, during microalgae cultivation 407 
there was a decrease in carbonates in the medium and an increase of pH from 8 to about 10, 408 
therefore, there was inorganic carbon assimilation via autotrophic growth. Since leachate 409 
had a greater carbonate concentration, the microalgal grown in wastewater-leachate 410 
assimilated more carbon, thus, increasing their lipid and carbohydrate content during 411 
nutrient limitation. In this way, it is possible to manipulate the accumulation of high-energy 412 
value biomolecules and then transform them to obtain biodiesel and bioethanol. According 413 
to these results, the microalgal biomass obtained proves to be more viable for the potential 414 
production of bioethanol, since high concentrations of carbohydrates were produced. 415 
Morphological changes in both Desmodesmus spp. and in S. obliquus were observed 416 
(Figure 3). Both microalgae showed disintegration and formation of coenobia (or colonies) 417 
of 2 and 4 cells. The disappearance of spines was observed in Desmodesmus spp., a likely 418 
consequence of the amount of nitrogen present in the medium. This is known as phenotypic 419 
plasticity, changes that occur in response to environmental conditions (Cheung et al., 1992; 420 
Lürling, 2003). This has also been observed by Pancha et al., (2014), who reported that the 421 
nitrate concentration in the medium could cause the disintegration and formation of 422 
Scenedesmus sp. coenobia. These morphological changes could favor the sedimentation 423 
process and therefore the separation of the microalgae from the liquid medium. It has been 424 
observed that the colonies of 4 or more cells of both microalgae have higher settling 425 
velocities than unicellular organisms (Lürling 2003; Lürling and Van Donk 2000). 426 
 427 
Figure 3. Morphological changes in S. obliquus and Desmodesmus spp. a) Desmodesmus 428 
spp. during growth phase; b) Desmodesmus spp. during nutrient limitation phase; c) S. 429 
obliquus during growth phase; d) S. obliquus during nutrient limitation phase; e) 430 
Desmodesmus spp. coenobia and their spines; f) S.obliquus coenobia. 431 
Additionally, due to the presence of N. limnetica, a cell count was carried out to 432 
determine the proportion of each species at the end of the experiment. In S. obliquus 433 
cultures, N. limnetica was the predominant species at 90%, whilst in Desmodesmus spp. 434 
cultures, N. limnetica was dominant only at 10%. This could possibly affect the content of 435 
lipids and carbohydrates in S. obliquus, since greater amounts of these biomolecules are 436 
reported in the literature (Ho et al., 2012) than obtained in the current work. 437 
3.4 FAME profiling 438 
The fatty acid profile was obtained by GC/MS in order to evaluate if there were 439 
significant differences at the start and end of nutrient limitation conditions (Table 4). Fatty 440 
acids are more commonly synthesized by green algae with chain lengths between C16 and 441 
C18 (Hu et al., 2008; Garofalo, 2009). Of these fatty acids, palmitic acid (C16:0) and 442 
linolenic acid (C18:3) had the greatest relative abundance (Table 4), similar to profiles 443 
reported by Kaewkannetra et al., 2012; Samori et al., 2013; Komolafe et al., 2014; Xia et 444 
al., 2014. 445 
Table 4. Fatty acid profile of Desmodesmus spp. at the beginning and at the end of nutrient 446 
limitation. 447 
 
 
FAME type 
Relative FAME composition % 
Desmodesmus spp. 
0 % leachate 7 % leachate 
initial final initial final 
 C12:0 Lauric   __   __   __   __ 
 C14:0 Myristic 1±0.01   __ 1±0.02   __ 
 C15:0 
Pentadecanoic 
  __   __   __  
 448 
 449 
 450 
 451 
 452 
 453 
 454 
In 455 Desmodesmus 
spp., 456 
polyunsaturated fatty acids (PUFA) increased at the end of the nutrient limitation phase. 457 
These results are consistent with those reported by Pan et al., (2011), where higher amounts 458 
of unsaturated FAMEs were obtained after nutrient limitation.                                                        459 
According to Hoekman et al., (2012) an optimal composition of fatty acids for biodiesel 460 
has low levels of saturated and polyunsaturated acids and high levels of monounsaturated 461 
acids. The degree of polyunsaturation in the fatty acids obtained in this work increases 462 
under conditions of nutrient limitation; therefore it would not be favorable for the 463 
production of biodiesel as its oxidative stability would be affected. To overcome this, 464 
 C16:0 Palmitic 16±0.08 13±0.04 15±0.07 16±0.05 
 C16:1n9c 
Palmitoleic 
7±0.02 4±0.01 6±0.04 5±0.03 
 C17:0 Margaric   __   __   __   __ 
 C18:0 Stearic 4±0.02 2±0.03 2±0.01 2±0.02 
 C18:1n9t Oleic   __   __   __   __ 
 C18:2n6c Linoleic 8±0.02 10±0.05 10±0.06 9±0.07 
 C18:3n3 Linolenic 21±0.06 20±0.09 22±0.09 30±0.1 
C18:3n6 Gamma 
linolenic 
  __ 1±0.01   __ 0.8±0.01 
 C20:4n6 
Arachidonic 
  __ 1±0.02   __ 1±0.01 
 C22:0 Behenic 0.8±0.01   __ 1±0.01   __ 
 C26:0 Cerotic 1±0.02 2±0.02 1±0.01 2±0.02 
Saturated 38.78 % 32.08 % 34.48 % 30.40 % 
Monounsaturated 11.90 % 7.55 % 10.34 % 7.60 % 
Polyunsaturated 49.32 % 60.38 % 55.17 % 62.01 % 
C16-C18 95.24 % 94.34 % 94.83 % 95.44 % 
Alvarez et al., 2015 suggested the use of a mixture of oils, for example, the inclusion of 465 
palm oil, in which monounsaturated fatty acids predominate, with jatropha and soybean oil, 466 
where polyunsaturated fatty acids predominate. Another option could be to vary other 467 
growing parameters to help modify the fatty acid profile. This could include, for example, 468 
the use of nutrient limitation with salinity, increased lighting or aeration with CO2, since it 469 
has been reported that the combination of these parameters can help increase the 470 
monounsaturated FAMEs (Ho et al., 2012, Xia et al., 2014, Alvarez et al., 2015). 471 
4. Conclusions 472 
The use of Desmodesmus spp. and S. obliquus provides a biological treatment for 473 
wastewater and leachate as they not only tolerate high ammonia concentrations (≥167 474 
mg/L) but also have the capability to remove nitrogen and phosphorus by biotic and abiotic 475 
processes. Therefore, the utilization of microalgae is an alternative for bioremediation of 476 
such wastes and results in biomass production. The content of lipids and carbohydrates in 477 
the biomass generated increased in response to nutrient limitation. In addition, the FAMEs 478 
profile was modified, increasing in polyunsaturated fatty acids, when such conditions were 479 
applied. Finally, this work provides a better insight into integrating biological treatment and 480 
biomass generation and valorization, including cultivation strategies. This may lead to the 481 
optimization of treatment systems and biofuel production. 482 
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